Introduction {#s1}
============

Hand foot and mouth disease (HFMD), which is caused by enterovirus 71 (EV71), is often associated with severe neurological diseases^\[[@b1]-[@b2]\]^, including poliomyelitis-like paralysis, fatal encephalitis with cardiopulmonary complications, meningitis and brain stem encephalitis, which occur mainly in infants and young children^\[[@b3]\]^. In recent years, EV71 infections in the Asia- Pacific region have shown increasing incidence and mortality^\[[@b4]-[@b5]\]^. However, there is a lack of effective antiviral agents and protective measures^\[[@b4],[@b6]\]^. Additionally, underlying mechanisms of virus-host interaction and viral pathogenesis remain unclear^\[[@b7]-[@b8]\]^.

The family of enteroviruses shares similar morphological characteristics, containing 60 copies of each of the 4 structural proteins viral protein (VP) 1 to 4. Of these 4 proteins, VP1 is more exposed than the other 3 proteins and plays a critical role in the pathogenicity of EV71^\[[@b9]\]^. In the mature picornavirus virion, VP1 is arrayed around the 5-fold axis of symmetry of the icosahedral virion and is the major surface-accessible protein of EV71^\[[@b10]\]^. VP1 contains the major epitopes recognized by neutralizing antibodies^\[[@b11]-[@b12]\]^ and is used to make subunit vaccines^\[[@b13]-[@b14]\]^. The VP1 gene is serotype-specific and considered the most suitable region for sequence analysis^\[[@b15]-[@b16]\]^. The canyon hypothesis^\[[@b10],[@b17]\]^ suggests that a hydrophobic pocket contained within VP1 could stabilize the capsid and was important for viral un-coating and attachment^\[[@b18]\]^. One theory suggests that the canyon is a key receptor-binding site and could function as part of a general strategy facilitating viral escape from immune surveillance^\[[@b19]\]^.

Although thorough research of the structure of VP1 protein is necessary to understand the mechanism of early virus-host interactions and the pathogenesis of enteroviruses^\[[@b19]\]^, the structure of VP1 remains limited. Structure and function, as well as immunogenicity, generally rely on high-level expression and secretion of antigenic proteins. However, VP1 antigen is typically expressed at very low levels^\[[@b20]\]^.

In our previous research, a pilot antigen engineering study was conducted to explore novel VP1 designs to improve expression and immunogenicity of VP1 antigen^\[[@b21]\]^. Five codon-optimized VP1 DNA vaccines, including wt-VP1, tPA-VP1, tPA-VP1-dimer (VP1-d), tPA-VP1-hFc (VP1-hFc) and tPA-VP1-mFc (VP1-mFc), were constructed and tested for *in vitro* expression and *in vivo* immunogenicity. Our data suggest that different VP1 antigen designs show different levels of secretion and contain structural differences that could affect immunogenicity of these VP1 proteins.

In this study, we investigated possible factors that could affect the expression, secretion, and immuno- genicity of VP1 DNA vaccines. In our previous study, we showed that VP1-mFc expressed at significantly lower levels and failed to mount an effective immune response^\[[@b21]\]^. In subsequent experiments, an EV71 VP1 monoclonal antibody raised in mice was investigated to further identify the optimal configuration of VP1. However, VP1-mFc DNA vaccine could not be used in mice, as the mouse IgG Fc fragment reacts with the secondary antibody.

Materials and methods {#s2}
=====================

*In vitro* expression of VP1 antigens in 293T cells {#s2a}
---------------------------------------------------

The expression of VP1 DNA vaccines was verified by transient transfection in 293T cells as previously described^\[[@b21]\]^. Cells were seeded and grown to 50%- 70% confluence on 100 mm culture dishes, and then plasmids (20 μg per dish) were mixed and incubated with 100 μL of polyethylenimine for 15 minutes before adding to the 293T cells. The supernatants and cell lysates were harvested 72 hours after transfection.

Immunization of mice {#s2b}
--------------------

The protocol was approved by the local institutional board at the authors' affiliated institutions and animal studies were carried out in accordance with the established institutional guidelines regarding animal care and use. Animal welfare and the experimental procedures were carried out strictly in accordance with the Guide for Care and Use of Laboratory Animals (National Research Council of USA, 1996). Four codon-optimized VP1 DNA vaccines, including wt-VP1, tPA-VP1, tPA-VP1-dimer (VP1-d) and tPA-VP1-hFc (VP1-hFc)^\[[@b21]\]^, were used to immunize mice to further investigate their immunogenicity. BALB/c mice, 6--8 weeks of age, (purchased from Shanghai Animal Center at the Chinese Academy of Sciences) were housed by the Department of Animal Medicine at Nanjing Medical University (5 mice per cage, specefic pathogen free) and were inoculated with DNA vaccines. Briefly, following intramuscular injection of VP1 DNA vaccines or vector control at a dose of 100 μg per immunization, the injection sites were electroporated using the following parameters: 100 V, 60 ms and 60 Hz. DNA plasmids were delivered at 2 different sites in the quadriceps muscle for each immunization. The immunizations were administered at week 0, 2, 4 and 8. Serum samples were obtained before the first immunization and 2 weeks after each immunization to study VP1-specific antibody responses.

Enzyme-linked immunosorbent assay (ELISA) {#s2c}
-----------------------------------------

A total of 96-well plates were coated in duplicate with 100 μL of lysates at a dilution of 1:10 and supernatants at a dilution of 1:5 of VP1 DNA vaccines or control-transfected cells. EV71 VP1 protein (100 μL, Abnova, USA; working concentration 50 μg/L) was used as coating antigen to detect the immunized sera. After blocking, 100 μL of anti-EV71 VP1 monoclonal mouse antibody (Abnova) was used to determine the production of VP1 protein from the vaccines, and a rabbit anti-human IgG Fc (Jackson ImmunoResearch, West Grove, PA, USA) was performed to determine the production of VP1-hFc protein. After washing, 100 μL of biotinylated secondary antibody (Multi Sciences Biotech Co., Ltd., Hangzhou, Zhejiang, China) and 100 μL of horseradish peroxidase (HRP)-conjugated streptavidin (Southern Biotech, Birmingham, AL, USA) were added to each well. The plates were developed using a 3,3′,5,5′-tetramethylbenzidine (Sigma, St Louis, MO, USA) solution. For one step ELISA assays, HRP-conjugated goat anti-rabbit or mouse secondary antibody (Multi Sciences Biotech Co., Ltd.) was added after incubation with the appropriate primary antibody followed immediately by development. The plates were read spectrophotometrically at 450 nm, and the wells were scored as positive when the absorbance value was greater than twice the value of the negative control.

Western blotting assays {#s2d}
-----------------------

Western blotting assays were performed as described previously^\[[@b21]\]^. After incubation with the primary antibody, membranes were washed with PBST and then were allowed to react with HRP-conjugated secondary antibody (at a dilution of 1:10,000). After the final wash, chemiluminescent substrate was applied to the membranes, and Kodak radiographic films were exposed to the membrane and then developed.

To further determine the levels of expression and secretion of the different VP1 constructs, equal amounts of each of the constructs were transfected into 293T cells. Then, equivalent amounts of lysates were detected by Western blotting assays. Beta-actin was used as an internal control at a concentration of 1:500 (Multi Sciences Biotech Co., Ltd.). Before cell lysis, 40 μL of supernatant was collected from the cells and concentrated (Centrifugal Filter Unit, Millipore, Bedford, MA, USA) to 1 mL, after which 10 μL of the concentrated supernatants were analyzed by Western blotting assay.

Purification and identification of VP1-hFc protein {#s2e}
--------------------------------------------------

Supernatant (200 mL) from VP1-hFc-transfected 293T cells (VP1-hFc S) was purified using a protein A column (GE Healthcare, Piscataway, NJ, USA). Before passage through the column, supernatants were filtered through a 0.45-μm filter to avoid blockage. The protein A column was equilibrated with binding buffer (phosphate buffer, pH 7.0) at a rate of 1 mL/minute. Then, VP1-hFc S was diluted with binding buffer at 1:1 and added into the column at a rate of 1 mL/minute. The effluent was harvested for future analysis. To wash the column, binding buffer was added again, and the effluent was also harvested. Thereafter, elution buffer (0.1 M citric acid, pH 4.0) was added to the column, and the purified proteins were harvested using 1.5-mL tubes containing 60--200 μL of 1M Tris-HCl (pH 9.0) per mL of fraction to be collected to maintain neutral pH. All of the purified proteins were mixed for subsequent detection.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) {#s2f}
--------------------------------------------------------------------

Purified proteins were analyzed by SDS-PAGE. First, the purified samples and bovine serum albumin (BSA, Sigma) were subjected to electrophoresis on SDS-PAGE gel. After staining with Coomassie brilliant blue G-250 (Beyotime, Shanghai, China) the gel was then analyzed using a Bio-Rad Agarose Image Pattern Analysis System. Based on preliminary experiments, secreted VP1-hFc proteins were not observed by SDS-PAGE due to this method is not sensitive enough. Therefore, all of the purified proteins were mixed and concentrated to 1 mL using a 30-kDa protein centrifugal filter unit (Millipore). Concentrated proteins were detected by SDS-PAGE, Western blotting assay and ELISA.

Results {#s3}
=======

All VP1 DNA vaccines secrete VP1, and fusion with human IgG Fc fragment further increases VP1 secretion {#s3a}
-------------------------------------------------------------------------------------------------------

An anti-VP1 monoclonal antibody was performed to recognize VP1 proteins by ELISA and Western blotting assays ([***Fig. 1***](#f01){ref-type="fig"}). When leader sequence from human tissue plasminogen activator (tPA) was included as a fusion with VP1, we observed an increase in the expression of VP1 protein. Fusion of human IgG Fc fragment (hFc) further increased VP1 protein expression levels. Although all the 4 VP1 DNA vaccines were expressed and secreted by 293T cells as measured by ELISA ([***Fig. 1A***](#f01){ref-type="fig"}), only the supernatant of cells expressing VP1-d (VP1-d S) and VP1-hFc (VP1-hFc S) were detected by Western blotting assays ([***Fig. 1B***](#f01){ref-type="fig"}).

![The expression and secretion of VP1 DNA vaccines.\
Mouse monoclonal VP1 antibody was used as the primary antibody (at a dilution of 1:1,000). HRP-conjugated goat anti-mouse IgG was diluted to 1:10,000. A: ELISA. Lysates (L, at a dilution of 1:10) and supernatants (S, at a dilution of 1:5) were used as antigens to coat the wells. The results represent the data from 3 biological replicates and are expressed as the mean ± SD (standard deviation). B: Western blotting assay: 20 μL original lysates or supernatants were loaded in each lane. The molecular weights of the proteins are as follows: wt-VP1 L \~35kD, tPA-VP1 L \~38kD, VP1-d L \~71kD and VP1-hFc L \~62kD. The molecular weights of the secreted proteins in the supernatant are greater than the corresponding intracellular forms due to protein glycosylation. To compare the protein expression levels of the different VP1 constructs and to determine if wt-VP1 and tPA-VP1 could be secreted, equal amounts of the 4 VP1 constructs were transfected into 293T cells. Lysates (L) and supernatants (S) of transfected cells were harvested and assayed using identical conditions. C: Comparison of the protein levels in the lysates. Twenty μL lysates were loaded in each lane. Anti-beta-actin monoclonal antibody was diluted 1:500. D: Detection of protein in the supernatants. Forty mL of supernatant from transfected cells was concentrated to 1 mL; 10 μL of the concentrated supernatants was analyzed by Western blotting.](jbr-30-03-209-g001){#f01}

To compare the protein expression levels of the 4 VP1 DNA vaccines and to determine if the other 2 VP1 constructs were secreted, the 4 VP1 constructs were transfected under identical conditions. Then, equal amounts of lysates and concentrated supernatants were analyzed. Transfection of wt-VP1 and tPA-VP1 constructs also resulted in secretion of the VP1 protein, and VP1-hFc achieved the highest level of secretion both in the lysates ([***Fig. 1C***](#f01){ref-type="fig"}) and in the supernatants ([***Fig. 1D***](#f01){ref-type="fig"}). In addition to a high molecular weight band in the VP1-hFc supernatants ([***Fig. 1D***](#f01){ref-type="fig"}), several bands which were obviously specific VP1 proteins were recognized by the anti-VP1 antibody.

VP1-hFc were also detected using an antibody against human IgG Fc fragment ([***Fig. 2***](#f02){ref-type="fig"}), but more protein was observed in the lysates than in the supernatants ([***Fig. 2B***](#f02){ref-type="fig"}).

![Detection of the expression of VP1-hFc protein.\
The primary antibody used to detect VP1-hFc protein was rabbit anti-human IgG Fc (H+L) used at a dilution of 1:3,000. HRP-conjugated goat anti-rabbit IgG was diluted to 1:10,000. L: lysates, S: supernatants. A: ELISA. Lysates were diluted to 1:10, and supernatants were diluted to 1:5. The results represent the data from 3 biological replicates and are expressed as the mean ± SD. B: Western blotting assay. 20 μL lysates or supernatants was loaded in each lane.](jbr-30-03-209-g002){#f02}

VP1-hFc DNA vaccine achieved the highest antibody response in mice {#s3b}
------------------------------------------------------------------

In our previous study^\[[@b21]\]^, sera of immunized rabbit were tested using commercially purified VP1 protein to compare the immunogenicity of vaccine constructs. Antibodies in the sera recognized commercially purified VP1 protein as well as the lysates obtained from cells transfected with VP1 DNA vaccines ([***Fig. 3***](#f03){ref-type="fig"}).

![ELISA of the immunized rabbit sera.\
One hundred μL commercial EV71 VP1 protein (50 μg/L) was performed to coat ELISA plates. The immunized rabbit sera obtained from the previous experiments were diluted to 1:200. Biotinylated anti-rabbit IgG was diluted to 1:2000, HRP-conjugated streptavidin was diluted to 1:2000. The values represent the antibody response of 5 rabbits in the same group (average OD values with the associated SD).](jbr-30-03-209-g003){#f03}

Then, the immunogenicity of the 4 VP1 DNA vaccines was verified in BALB/c mice. We observed VP1-specific antibodies in response to immunization ([***Fig. 4A***](#f04){ref-type="fig"}), and the antibody response peaked after the 4^^th^^ vaccination ([***Fig. 4B***](#f04){ref-type="fig"}). tPA-VP1 construct showed increased immunogenicity when compared with wt-VP1 construct, and VP1-hFc construct resulted in the highest antibody levels. VP1-d construct approximately had no detectable antibody response. Immunized sera recognized the transfected VP1 proteins by Western blotting assays, but only VP1-hFc-immunized sera recognized VP1 protein in the supernatants of VP1-d and VP1-hFc-transfected cells ([***Fig. 4C***](#f04){ref-type="fig"}).

![The immunogenicity of VP1 DNA vaccines in BALB/c mouse.\
One hundred μL EV71 VP1 protein (50 μg/L) was used to coat the wells to analyze the mouse sera for immunization (at a dilution of 1:200). HRP-conjugated goat anti-mouse IgG was diluted to 1:5,000. A: Temporal VP1-specific antibody responses in mouse immune sera. The arrows indicate the time points of DNA immunizations. Each curve represents the antibody response of 5 mice in the same group (average OD values with the associated SD). B: Peak level antibody titer in the mouse sera (average OD values with the associated SD). C: Western blotting assay of VP1 constructs. 20 μL of lysates (L) or supernatants (S) was added in each lane. Mouse sera immunized with different VP1 DNA vaccines were diluted to 1:200. HRP-conjugated goat anti-mouse IgG was diluted to 1:10,000.](jbr-30-03-209-g004){#f04}

VP1-hFc protein could be purified by hFc fragment {#s3c}
-------------------------------------------------

Supernatants of cells transfected with VP1-hFc construct were purified using protein A. After purification, we failed to detect VP1 protein by SDS-PAGE in the supernatants and the non-concentrated purified protein samples (results not shown). Thus, all of the purified VP1-hFc proteins were mixed and concentrated to 1 mL for analysis by SDS-PAGE. However, few VP1 proteins were observed in the concentrated protein preparations ([***Fig. 5A***](#f05){ref-type="fig"}).

![Detection of purified VP1-hFc protein.\
Primary antibody used to detect VP1-hFc protein was wt-VP1-immunized rabbit serum (at a dilution of 1:500). HRP-conjugated goat anti-rabbit IgG was diluted to 1:10,000. A: SDS-PAGE analysis of purified VP1-hFc protein. All of the purified VP1-hFc proteins were mixed and concentrated to 1 mL for SDS-PAGE analysis. Different amounts of the protein samples (8 μL, 16 μL and 32 μL; initial concentration of 0.16 μg/μL) were detected. Different amounts of BSA (1 μg, 2 μg and 4 μg) were added as a semi-quantitative gauge. B: ELISA. P1 represents 1 μg of purified and concentrated VP1-hFc protein (0.16 μg/μL) in 100 μL of PBS. Then, P1 was serially diluted 2-fold (P2-P10). Vector-S and VP1-hFc-S represent the original supernatants diluted to 1:5. C: Western blotting assay. Lane 1 shows 20 μL of the original VP1-hFc-S; Lanes 2-7 indicate 40 μL, 20 μL, 10 μL, 5 μL, 2.5 μL and 1.25 μL of purified VP1-hFc protein, respectively (0.16 μg/μL); Lane 8 shows 20 μL of protein expressed from the original vector-S.](jbr-30-03-209-g005){#f05}

To determine if the proteins were lost during their purification, we analyzed each effluent sample that passed through the column and ensured that there were few proteins that were washed off of the column (results not shown). Then, the purified products were serially diluted and analyzed using ELISA ([***Fig. 5B***](#f05){ref-type="fig"}) and Western blotting assays ([***Fig. 5C***](#f05){ref-type="fig"}). Our results showed that VP1 protein contents were proportional to the original supernatants (VP1-hFc S).

Discussion {#s4}
==========

DNA vaccines have become an attractive immunization strategy due to their potency in inducing cellular and humoral immune responses^\[[@b22]\]^. However, the most significant barrier for DNA vaccines is the lower levels of expression and secretion and the limited immuno- genicity of the produced antigen. Optimized antigen expression and secretion is critical for maximal immu- nogenicity of DNA vaccines. A number of approaches, including optimization of codon usage^\[[@b23]\]^ and fusion of secretory leader sequences^\[[@b24]\]^, have been proposed to enhance antigen expression and/or immunogenicity of DNA vaccines. However, a limited fraction of injected DNA molecules are taken up by antigen presenting cells (APCs), which is a key step for effective initiation of the immune response^\[[@b25]\]^. Thus, enhancement of antigen presentation by APCs offers another attractive strategy to increase the potency of DNA vaccines^\[[@b26]\]^. APCs (e.g., dendritic cells and macrophages) express receptors for the Fc fragment of IgG (FcyR). IgG Fc fragment binds to Fc receptor with high affinity and triggers effector functions^\[[@b27]\]^, including the internalization of antigen-antibody complexes and increased antigen presentation^\[[@b28]\]^. IgG Fc fragment is also considered a good fusion tag for facilitating the purification of target proteins due to its strong and specific binding for protein A or protein G of *Staphylococcus*. Therefore, antigen constructs that are fused to IgG Fc fragment and targeted to APCs can theoretically induce an effective immune response^\[[@b29]-[@b30]\]^ and be used for the rapid purification of protein for intensive research.

In our previous studies, 5 novel VP1 DNA vaccine constructs were designed and expressed in 293T cells and verified to demonstrate immunogenicity in rabbits^\[[@b21]\]^. However, the protein level and immunogenicity of the constructs showed significant differences. Although the expressions of wt-VP1 and tPA-VP1 were observed in 293T cell lysates, these proteins could not be detected in cell supernatants by Western blotting assay. VP1-d showed better expression and secretion in lysates and supernatants, but the immuno-genicity of VP1-d was the weakest of all the constructs tested. To further investigate the optimization of the *VP1* gene to maximize immunogenicity in this study, we used a commercial monoclonal antibody raised against EV71 VP1 to recognize VP1 DNA vaccine-expressed proteins and purified EV71 VP1 protein to analyze the sera of immunized rabbits. Analysis of the concentrated supernatants showed that all of the VP1 constructs could secrete VP1 protein, and VP1-hFc achieved the highest level. VP1-hFc also induced the highest antibody response in mouse immunization. Interestingly, VP1-d construct showed increased levels of protein expression and secretion but the lowest immunogenicity. As VP1-d encodes 2 copies of VP1 protein as opposed to monomeric form encoded by tPA-VP1 construct, we suspect that VP1-d was not likely to express or secrete to a greater extent than tPA-VP1 but offered double VP1 epitopes reacting with antibodies. We suppose that dimer form of VP1-d could be folded in a configuration that obscures important epitopes and domains necessary for proper secretion and immune response initiation. Thus, our results suggest that the fusion construct of VP1 with human IgG Fc was the only construct that could increase the expression and secretion levels of VP1 protein and enhance VP1 immunogenicity.

The availability of large amounts of secreted proteins is not only necessary for induction of strong antibody responses, but also crucial for protein structure analysis. To understand the structural basis of proteins during cellular processes such as immune initiation, high-quantity and high-quality purified protein samples are required. In our study, VP1-hFc achieved the highest level of protein expression relative to the other VP1 DNA vaccines and could be selected for the rapid purification of VP1 protein using human IgG Fc fragment and Staphylococcal protein A. However, purification of VP1 by this method did not result in a sufficiently high level of purified protein for structural analysis, even after concentration. We tried to purify VP1-hFc protein using protein G and observed similar results (results not shown). In fact, Western blotting assay showed that the protein level of VP1-hFc in lysates was higher than the levels observed in supernatants. Another consideration is that VP1-hFc protein could have been hydrolyzed into several fragments that could not be purified. These fragments may have included VP1-hFc with tPA, VP1-hFc without tPA, tPA-VP1 and VP1 without tPA sequences. If true, this could suggest that linkers between peptides were unstable, and proteolysis-resistant linkers should be investigated in future studies.

In conclusion, although the expression and secretion levels of VP1-hFc were greater than those of the other 3 VP1 DNA vaccines tested, the levels of expression and secretion of VP1-hFc were not sufficient for *in vitro* analysis of protein structure and function. In future studies, a more effective protein expression system and stronger antigen presenting vectors should be developed to enhance VP1 protein expression and secretion, as well as its immunogenicity. These studies will be critical for the development of an effective VP1 DNA vaccine.
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